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Abstract 
The coupled hydrothermal behaviour of a cement-based thermal energy storage system for domestic applications is modelled 
under saturated conditions using the Finite Element Method along with an extensive experimental analysis program for parameter 
detection. For this purpose, the temperature and heat distribution of a prototype model is investigated under specific 
hydrothermal conditions by considering the effect of buoyancy-driven or natural convection, thus providing an accurate 
estimation of the loading/unloading rates and preventing the overdesign of such systems, which typically occurs when they are 
analysed considering conduction only by neglecting the heat transfer contribution from the buoyancy-driven convection.  
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
One of the common technologies for balancing the energy demand and supply in district heating, domestic hot 
water production, thermal power plants and thermal process industries in general is thermal energy storage. Thermal 
energy storage [1,2], and sensible heat storage [3] in particular as compared to latent heat storage and thermo-
chemical storage, has recently gained much interest in the renewable energy storage sector due to its relatively low 
cost and technical development. Sensible heat storages work on the principle of storing thermal energy by raising or 
lowering the temperature of liquid, commonly water, or solid media. They do not typically involve material phase 
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changes or conversion of thermal energy by chemical reactions or adsorption processes as in latent heat and thermo-
chemical storages, respectively. 
Environmentally-friendly renewable energy sources such as solar, geothermal and wind energy are commonly 
harnessed for the purpose of sensible heat energy storage. Solid sensible heat storage systems [4,5] in the form of 
storage media such as concrete, rocks, geo-materials and cemented saturated porous media are usually used to 
capture solar thermal power. Such systems when used in domestic thermal energy storage applications are preferable 
when compared to sensible heat storage via liquids such as water as they provide low investment costs with high 
operability [4] and can be utilized to bear loads as part of the sub-structure of buildings. 
In this study, the numerical analysis of a saturated cement-based porous media sensible heat storage system, 
IGLU project [6], which aims at developing a solar thermal powered heat energy storage system for domestic 
applications, by considering natural convection, which arises naturally from the effect of a density difference, 
resulting from a change in the temperature or concentration of a medium, is presented. The finite element software 
package COMSOL Multiphysics [7] is used to couple the governing hydrothermal equations presented in Section 2 
of this paper. The charging/discharging of the system is operated via an embedded heat exchanger system with a 
carrier fluid (in our case water). The system provides efficient flexibility in terms of economy, space requirements 
and operation as compared to other existing heat storage systems (Fig. 1). Two porous cement-based commercial 
thermal energy storage materials namely, Füllbinders L and M (SCHWENK Zement KG [8]) are used for our 
investigations.  
 
 
Fig. 1. Schematic representation of the sensible heat storage system of IGLU project. 
The experimental scheme for the determination of parameters includes: thermal conductivity and specific heat 
capacity using a transient line-source measurement technique; phase constitution determination by combined X-ray 
diffraction (XRD) and X-ray fluorescence (XRF) analysis; and hydraulic properties such as hydraulic permeability 
or conductivity under controlled stress and temperature conditions using a specialized hydraulic permeability meter. 
2. Finite Element Modelling 
2.1. Governing equations 
The amount of heat energy transported through a sensible porous media heat storage system is generally 
governed by conductive and convective modes of heat transfer. For the system analyzed in this research, heat 
conduction occurs in the porous cement based sensible heat storage material and the entrapped pore-water, Alu-PE 
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pipe wall and the heat carried fluid (water) inside the Alu-PE pipe. Heat convection on the other hand occurs in the 
fluid (water) entrapped in the saturated heat storage material and the heat carrier water in the Alu-PE pipes. 
The convective mode of heat transfer involves fluid flow accompanied with conduction, or diffusion, and is 
essentially divided in to two processes. When the motion of the fluid arises from an external cause the process is 
termed as forced convection. Whereas, if no such externally caused flow exists and the flow arises naturally from the 
effect of a density difference, resulting from a difference in the concentration or temperature in body forces such as 
gravity, the process is known as natural convection. In our study, only natural convection has been considered.  
Under isotropic medium conditions, where local thermal equilibrium is ensured (Ts = Tf = T, where Ts and Tf are 
the temperatures of the solid and fluid phases, respectively), heat transfer Equations 1-3 for the porous storage 
medium can be obtained by combining heat transfer equations in solid and fluid phases [9,10]. 
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where, the subscripts m, s and f refer to the porous medium, solid and ﬂuid phases, respectively, n is porosity, ȡ is 
density, C is the speciﬁc heat capacity of the solid, Cp is the speciﬁc heat capacity at constant pressure of the ﬂuid, Ȝ 
is the thermal conductivity, Q is the heat source, T is temperature, t is time and Ȟ is the flow velocity field.  
The buoyancy-driven convective flow velocity Ȟ in Equation 1 is obtained by solving the porous media fluid flow 
equations. Three fluid flow in porous media equations namely, the Richards equation (typically used for flow in 
saturated and un-saturated porous media), the Darcy’s law (suitable for flow in porous media that is comparatively 
slow) and the Brinkman equations (preferable for fast flow in porous media) are commonly used to analyse fluid 
velocity and pressure in porous media. In our research the Richards equation for a single phase flow (water) has been 
used to obtain the convective flow velocity Ȟ and pressure p. According to Darcy’s law, the net flow flux across the 
face of a porous media is given by Equation 4. The pressure p is solved by inserting the Darcy’s law, Equation 4, in 
to the equation of continuity, Equation 5, and the Darcy velocity Ȟ is subsequently obtained from Equation 4. 
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where, Ȟ is the Darcy velocity field, K is the saturated hydraulic conductivity of the porous medium, ȡf is the fluid 
density, g is the gravitational acceleration, p is the pressure, ׏D is a unit vector in the direction of g, n is the 
saturated liquid volume fraction or porosity of the medium and Qs is the strength of the fluid source. For an 
incompressible fluid (such as water) the term ȡf moves outside the divergence operator, and the continuity equation 
is expressed in terms of the storage coefficient S as: 
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Richards equation is commonly used for modelling variably saturated porous media. The model typically solves 
for the pressure p and the fluid velocity Ȟ using the following equations: 
QsDgfpK rgf
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where, C is the specific capacity describing the changes in liquid volume fraction of the porous medium for a 
variably saturated condition, Se is the effective saturation and Kr is the relative permeability. The analytical formulas 
suggested by van Genuchten [11] are usually used to model the retention characteristics of variably saturated porous 
media.  
Darcy’s linear relationship between flow velocity and pressure gradient fails to effectively predict porous media 
flow with a high Reynolds number and high particle size. For such cases, the Brinkman model, an extension of the 
Darcy model, can be used. Brinkman modified the Darcy’s law by adding a viscous term in order to account for the 
presence of a solid boundary. The unsteady Brinkman equation for viscous flow in a porous medium is given as: 
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where, ȝ is the dynamic viscosity of the fluid (water), K is the saturated hydraulic conductivity of the porous 
medium, I is the identity matrix, ȝdv is the dilatational viscosity, F is a force term used to represent directed forces 
such as compressibility effects and gravity and Qbr is an optional mass source term used to model condensation in 
porous media. 
2.2. Boundary and initial conditions 
The following boundary and initial conditions are assumed in solving the governing equations: 
• An initial temperature of 20°C representing ground temperature is assigned to the porous medium, Alu-PE 
and carrier fluid (T = To = 20°C) 
• A constant temperature of 90°C is assigned to the inlet of the Alu-PE pipe representing the temperature of the 
hot carrier fluid (water) used for charging/loading the system  
• A thermal insulation specifying a zero flux is assigned to the outer boundary of the sensible heat storage 
system as: n ·  (Ȝm׏T) = 0, where n is a vector normal to the boundary 
• Fluid flow across impervious boundaries is prevented by applying the following condition:  n ·  ȡf v = 0, where 
n is the vector normal to the boundary 
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3. Experimental program and results 
3.1. Tested materials 
Tables 1 and 2 present the material properties and physiochemical analysis results of the two investigated 
cement-based thermal energy storage materials (Füllbinders L and M). The heat storage samples were prepared with 
a water-to-solids ratio of 0.8 and then stored under water for 28 days. Storage in water maintains full saturation and 
prevents potential cracking of samples which may happen soon after sample preparation due to cement hydration.  
 Table 1. Material properties of the heat exchanger and filling materials. 
Materials Alu-PE composite* Füllbinder L** Füllbinder M** 
Density (kg m-3)  1825 1583 1609 
Porosity (-) - 0.543 0.518 
Thermal conductivity (W m-1 K-1) 0.400 0.960 0.965 
Specific heat capacity (J kg-1 K-1) 
Hydraulic conductivity (x10-8 m s-1) 
1261.0 
- 
2083.4 
11.95 
1957.1 
7.13 
*  Carrier fluid (water) density = 1000 kg m-3, thermal conductivity = 0.58 W m-1 K-1, specific heat capacity= 4190 J kg-1 K-1 
**  Fully saturated condition 
Table 2. Chemical and mineralogical properties of the thermal storage materials. 
Materials Füllbinder L** Füllbinder M** 
Lime + Limestone (wt.%) 75 65 
Portland Cement Grade 42.5 (wt.%) 25 35 
SiO2 (%) 17.28 16.43 
Al2O3 (%) 
TiO2 (%) 
MgO (%) 
Fe2O3 (%) 
CaO (%) 
P2O5 (%) 
Na2O (%) 
K2O (%) 
MnO (%) 
4.90 
0.27 
0.92 
2.76 
48.75 
0.12 
0.14 
0.98 
0.04 
5.17 
0.29 
0.51 
2.79 
51.62 
0.16 
0.12 
0.78 
0.04 
3.2. Determination of thermal properties 
The thermal conductivity and specific heat capacity of the heat storage samples were measured with a Decagon 
KD2 Pro thermal needle probe transient line source measurement technique in accordance with ASTM D5334-08 
(ASTM 2008) [12] and IEEE 442 (IEEE 1992) [13] standards. Thermal needle probes SH-1, dual needle probe (with 
a length of 30 mm, diameter 1.3 mm and 6 mm spacing between needles) and TR-1, single needle probe (with a 
length of 100 mm and diameter 2.4 mm) were used to measure the specific heat capacity and thermal conductivity of 
the samples at room temperature and atmospheric pressure, respectively. The sufficient length to diameter ratios of 
the probes ensure that conditions for an infinitely long and infinitely thin heating source are met. The recorded error 
for all measurements was kept well within the 0.015% limit. The KD2 Pro contains a linear heat source and a 
temperature measuring element with a resolution of 0.001°C, and calculates the thermal conductivity and thermal 
diffusivity of the medium using the following relations: 
 Henok Hailemariam and Frank Wuttke /  Energy Procedia  97 ( 2016 )  462 – 469 467
 )12(4
)ln 1ln 2(
TT
ttQ
Δ−Δ
−
=
π
λ                                           (11) 
»¼
º«¬
ª
−
−=Δ
Dt
rEi
Q
T
4
2
4πλ                                            (12) 
where, Ȝ (W m-1 K-1) is the thermal conductivity of the material, Q (W m-1) is a constant rate of application of 
heat, ǻT (0K) is the temperature response with time of the source, Ei is an exponent integral, r (m) is the distance 
between the heater and the temperature sensor, t (s) is the amount of time that has passed since the start of heating 
and D (m2 s-1) is the thermal diffusivity of the material.  
4. Results and discussion 
Two typical sensible heat storage system configurations are shown in Figure 2. In this research, the configuration 
with vertically oriented charging/discharging Alu-PE pipes (Fig. 2 right) is analyzed. The system consists of an 
insulated cylindrical heat storage tank with a diameter of 1.1 m and a height of 1.04 m. The heating/cooling 
operation of the system is done via a carrier water up to a maximum temperature of 90°C flowing through embedded 
Alu-PE pipes with an inside diameter of 2 cm and a wall thickness of 2.5 mm.  
 
 
Fig. 2. Sensible heat storage system configurations with a helical (left) and vertical (right) Alu-PE water carrier pipes. 
In Figure 3, the temporal variation of temperature at the center of the sensible heat storage system during 
charging with a hot carrier water at 90°C for the two heat storage materials at different operation conditions is 
presented. The variation in temperature with progress in time is analyzed for: the two material types (Füllbinders L 
and M) (Fig. 3 left), the effect of convection considerations with hydraulic conductivities K = 0 – 1x10-2 ms-1 (Fig. 
3, middle) and the effect of carrier water velocity or Reynolds number Re between 119.5 – 916.3 (inlet water 
velocities between 6.8 – 52.0 liters per hour, respectively) (Fig. 3, right). The temporal variation of temperature for 
both Füllbinders L and M are closely matched due to similarities in their hydrothermal properties. For the system 
considered in this research, the effect of carrier water velocity or Reynolds number on the variation of temperature 
across the sensible heat storage system is minor (Fig 3, right). However, for sensible heat storage systems with 
complex shapes of embedded fluid carrier pipes consisting of several twists or turns, changes in the carrier fluid 
velocity can affect their operation considerably. 
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Fig. 3. Temporal variation of temperature for: Füllbinders L & M with Re = 458.2 (26 lph) (left), Füllbinder L with Re = 458.2 (26 lph) at 
different hydraulic conductivities (middle) and Füllbinder L with K = 1x10-3 ms-1 at different carrier water velocities (right) [Re = Reynolds 
number; lph = liters per hour; K = hydraulic conductivity] [Re = (v ⋅ DH)/Ȟ, where v is the mean water velocity (ms-1), DH is the hydraulic 
diameter (m) and Ȟ is the kinematic viscosity of water (m2s-1)]. 
 
                                                                 
                                                                
                                                                
Fig. 4. (from top to bottom) FE-mesh and system outline, spatial temperature distribution after 5 hours, isothermal contours after 60 hours and 
spatial temperature distribution after 120 hours of charging via a carrier fluid at 90°C of the sensible heat storage system with no convection or 
conduction only (left) and with convection K = 1x10-2 ms-1 (right) [heat storage material is Füllbinder L with Re = 458.2 (26 lph)]. 
The system temperature variations for the porous medium with no convection (conduction only) and with 
convection K = 0 ms-1 consideration are similar. However, with an increase in the hydraulic conductivity of the 
storage medium, the influence of convection in the temperature variation of the system increases appreciably. 
Typically, the system with no convection considerations reaches near storage capacity (above 80°C) after around 
100 hours of charging time, whereas the system with K = 1x10-2 ms-1 reaches the storage capacity within 24 hours 
after the start of charging. Hence, for porous media with low hydraulic conductivities, the effect of convection on 
the temperature variation can be neglected and conduction only can be considered to simplify analysis without any 
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significant loss in the accuracy of prediction. Whereas, for porous media with high hydraulic conductivities, 
consideration of convection enables an efficient system design with an accurate estimation of loading/unloading 
rates, thus avoiding overdesign of the system.  
Natural convection, in addition to its effects on the temporal variation of temperature of the heat storage system, 
also plays a vital role in the spatial variation (temperature distribution) in the sensible heat storage system (Fig. 4). 
No convection assumption yields in an even and a conservative distribution of temperature as shown in Figure 4 
(left). This representation is far from reality, where the actual spatial temperature distribution of heat storage 
systems with higher hydraulic conductivities when natural convection is considered is as shown in Fig. 4 (right), 
with a higher temperature field across the inlet as compared to areas near the outlet of the carrier water during 
loading and vice versa.  
5. Conclusions 
The coupled hydrothermal behavior of a saturated sensible heat storage system for domestic heat storage 
applications was analyzed numerically by considering the effect of buoyancy-driven convective heat flow. Material 
properties for the FE analysis of the prototype model were determined by analyzing two commercial cement-based 
heat storage materials. Based on the findings, for sensible porous media heat storage systems with very low 
hydraulic conductivities, the effect of natural convection on the temporal and spatial variations of temperature 
during charging/discharging operations of the system is minimal and can be neglected for simplicity of analysis. 
However, for systems with higher hydraulic conductivity, convective heat transfer plays a considerable role with a 
resultant faster charging/discharging rates and a higher temperature field near the carrier water pipe inlet as 
compared to the outlet when charging and vice versa. In such instances, consideration of natural convection provides 
accurate estimation of the actual charging/discharging rates and avoids the overdesign of the system.   
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